Abstract-Remote monitoring of cardiopulmonary activity based on Doppler shifts in radio signals shows promise in medical and security applications, however the problems of motion artifacts and presence of multiple subjects limit the usefulness of this technique. By applying MIMO signal processing, it is possible to overcome limitations of current systems and isolate signals from multiple sources.
Introduction
Remote sensing of heart and respiration activity by measuring Doppler shift in radio signals is a promising technique for unobtrusive health monitoring and life sensing, with proof of concept demonstrated for various applications [1] [2] [3] . Unfortunately, this principle has not been developed to the level of practical applications, mainly due to a lack of effective way to isolate desired target motion from other motion and other targets. We are exploring an approach to isolate desired scattered signals from unwanted motion based on recent developments in multiple input multiple output (MIMO) signal processing techniques. Lucent Technologies has been the leader in this field with BellLabs LAyered Space-Time (BLAST) techniques [4] . We propose to use techniques based on BLAST to isolate useful scattered radio signals from those due to unwanted motion in the environment. If there is interfering motion in the radar field of view, multiple antennas can be used to detect multiple copies of the same signal with different phase information, with coherent combining used to provide a greatly improved estimate of desired Doppler motion. When more than one target is in view, multiple transmitters and receivers providing multiple signal copies could be used to distinguish between the different sources of Doppler motion, isolate the desired signal, and determine a number of targets. In this paper, we present MIMO system simulation results that indicate that it is possible to separate multiple subjects even with identical breathing and heart rates.
MIMO System Model and Numerical Results
We will consider a MIMO system consisting of n tx transmit and n rx receive antennas, forming two proper linear antenna arrays. The arrays are spatially separated, for example, occupying two opposite walls in a room while facing each other ( Fig. 1(a) ). Using the well-established model, the MIMO channel is represented as an n rx x n tx matrix H where h ij is its ith column and jth row element, and h ij corresponds to the channel response (i.e., channel state) between the ith receive and jth transmit antenna (i = 1, ... , n rx and j = 1, ... , n tx ). Each transmit antenna is emitting a unique pilot signal. For example, the pilot signals are orthogonal symbol sequences where each transmit antenna emits one sequence and it is orthogonal to the ones assigned to the other transmit antennas (e.g., a CDMA-like signaling). The MIMO receiver has knowledge of the pilot signals, and it applies channel estimation to learn the channel response between each transmit and receive antenna. Consequently, an estimate of the channel h ij is h ij = h ij + n ij , where n ij is the additive white Gaussian noise (AWGN) corresponding to the thermal noise. The noise has a zeromean complex Gaussian distribution with the variance N e given as
where K is Boltzmann's constant, T is the environment temperature, B is the signal bandwidth and G e is a gain introduced by the estimation procedure (by averaging over a number of symbol periods, where the symbol period is T sym = 1/B). We assume that a person whose cardiopulmonary activity is being observed is positioned somewhere between the transmit and receive antenna arrays ( Fig. 1 (a) ). To numerically assess the performance of the MIMO radar sensing system, we model a human body as a cluster of isotropic scatterers. The scatterers are randomly distributed around the cluster center, within a circle of diameter D. The cluster contains N s scatterers.
Simulations were done for a MIMO system with 4 transmit and 4 receive antennas, with the carrier frequency of 2.4 GHz, and 2λ and λ/2 separation between transmit and receive antenna elements, respectively (where λ is the wavelength). The two arrays are 4 meters apart. The scatterer cluster of 10 scatterers is randomly positioned, with the diameter D = 0.5 m. Note that the effective area S s of each isotropic scatterer is selected with the assumption that half of the incident energy on the human body is reflected. We assume that the area of the human body, orthogonal to the incident electromagnetic wave, is S h (we use S h = 1.7 x 0.3 m 2 ) Consequently, the effective area of each isotropic scatterer is S s = S h /(2 N s ). Based on the above assumptions, the channel response between the ith receive and jth transmit antenna (i = 1, ... , n rx and j = 1, ... , n tx ) is π π λ w between scatterer k and receive antenna i, d ji is the distance between transmit antenna j and receive antenna i, and finally, ϕjk is a random phase shift. In the above derivations, receive antennas are assumed to be isotropic with 0 dB gain. To model the cardiopulmonary activity the position of each scatterer, with respect to the cluster center, is oscillating in time on two different frequencies with different amplitudes. The first frequency and amplitude model the cardio activity (typical frequency is 1 Hz and the amplitude is 0.1 mm), while the second frequency and amplitude model the pulmonary activity (typical frequency is 0.3 Hz and the amplitude is 10 mm) [5, 6] . To analyze temporal variations in the MIMO channel, we collect a sequence of the channel state estimates h ij (k) (i = 1, ... , n rx and j = 1, ... , n tx ) where k is the temporal index. The total of n rx x n tx sequences is available (each sequence corresponding to one transmitterreceiver pair). We note that the sensing of the cardio activity is far more challenging and adversely a however its frequency is closer to the 60dB higher DC component. In light of the above results, the receiver radio-frequency front-end and analog-to-digital converters have to have low noise figure, low phase noise and large linear dynamic range (e.g., in this particular example analog-to-digital converters with 20 or more bits would be required).
To illustrate potentials of the multiple antenna systems to exploit certain spatial aspects w cardiopulmonary activity at different locations in the room that are not a priori known to the receiver. After performing the temporal spectrum analysis, similar results to the ones presented in Fig. 1 (b) are obtained , and it is not possible to distinguish multiple subjects. In order to estimate spatial characteristics of specific spectral components of the channel state estimate sequence, we perform the following steps: (1) Determine the power spectrum of the channel state estimate sequence averaged over all Tx-Rx pairs (i.e., like the results in Figure 1 [ ] 
Conclusions
In this paper we explored the application of MIMO systems to detection of cardiopulmonary signals resulting from Doppler shifts in radio signals. In future work the effect of different number of antennas and antenna arrangements on syste
